Background. Disruptive behavior in children and adolescents can manifest itself in reactive (RA) and proactive (PA) aggression and is modulated by callous-unemotional (CU) traits and comorbidity. Research on aggression subtype-specific neural correlates is limited and the role of comorbid symptoms largely neglected.
INTRODUCTION
Severe aggressive behavior in children and adolescents is a main characteristic of DSM-5 aggression-related disorders (American Psychiatric Association, 2013) . Conduct disorder (CD) is described as persisting violation of rules, norms, and rights including physical and psychological aggressive behaviors. Oppositional defiant disorder (ODD) identifies a pattern of angry, argumentative, and vindictive behavior. The combination of childhood CD and comorbid attention-deficit/hyperactivity disorder (ADHD) is thought to be associated with persistent antisocial behavior (Moffitt, 1993; Moffitt et al., 2002; Frick, 2016) . Besides ADHD (Loeber et al., 2000) , frequently exhibited comorbid anxiety levels (Frick, 2012; Frick et al., 2013) seem crucial for subtyping aggression on a psychophysiological level (Fanti, 2016) .
On a neural level, frontal, striatal, and limbic functional alterations have been identified in CD and ODD (Blair, Veroude and Buitelaar, 2016) . Resting state functional magnetic resonance imaging (rs-fMRI) allows to identify distinct highly functionally connected brain regions active during the absence of goal-directed behaviors (Raichle et al., 2001; Greicius et al., 2003; Fox et al., 2015) . Male adolescents with CD compared to controls were shown to exhibit reduced functional activity in limbic areas (Zhou et al., 2015) along with parietal, cerebellar, and temporal areas including the middle temporal gyrus (MTG) (Wu et al., 2017) .
Further rs-fMRI studies reported increased (Lu, Zhou, Wang, et al., 2017) and reduced resting state functional connectivity (rsFC) (Lu et al., 2015; Broulidakis et al., 2016; Zhou et al., 2016; Lu, Zhou, Wang, et al., 2017) paralleling reduced anisotropy at the structural level in male and female adolescents with CD (González-Madruga et al., 2019) . For instance, male adolescents with CD exhibited reduced rsFC in the central gyrus (Lu et al., 2015) . The precuneus as part of the default mode network (DMN) has been implicated in increased (Lu, Zhou, Wang, et al., 2017) and decreased rsFC (Zhou et al., 2016; Lu, Zhou, Zhang, et al., 2017) . Males compared to females with CD were shown to exhibit decreased spontaneous activity during rest in brain Werhahn et al. 6 areas including left inferior temporal gyrus (ITG)/MTG and right postcentral gyrus (Cao et al., 2018) . Compared to controls, boys with CD and comorbid ADHD demonstrated increased rsFC of DMN seeds with voxel clusters including ITG and MTG (Uytun et al., 2016) . These previous rsFC studies, however, are mostly restricted to case-control comparisons in male adolescents with CD and further limited by small sample sizes.
Aggression is a heterogeneous phenotype and has frequently been subdivided into reactive (RA) and proactive (PA) aggressive behavior (Dodge and Coie, 1987; Vitiello and Stoff, 1997) .
Individuals with RA are prone to perceive behavior of others as provocation or threat and react aggressively (Smeets et al., 2016) . In contrast, individuals with PA tend to show planned, instrumental aggressive behaviors. Few MRI studies have addressed the brain correlates of RA and PA in disruptive children and adolescents. There is evidence for RA and PA relating to distinct seed-based rsFC patterns involving precuneal areas (Werhahn et al., 2018) .
Callous-unemotional (CU) traits are reported to be an important modifier of aggression.
These behaviors characterized by limited prosocial emotions have been added to further specify CD in the DSM-5 (American Psychiatric Association, 2013) and were shown to reduce treatment response and worsen clinical outcome (Wilkinson, Waller and Viding, 2016; Bakker et al., 2017) . Moreover, CU traits seem associated with impaired empathy (Blair, Leibenluft and Pine, 2014; Ciucci et al., 2015) , neurocognitive dysfunctions in emotion and reward learning processes (Reidy et al., 2017) , and adult psychopathy (Frick and White, 2008; Frick et al., 2013) . There is evidence for CU traits associated with both RA and PA (Pechorro et al., 2017) or PA only (Urben et al., 2018) . Importantly, youths with CU and CU-related traits but different levels of anxiety also differ in behavioral characteristics (Kimonis et al., 2012; Fanti, Demetriou and Kimonis, 2013) . On a neural level, rs-fMRI studies on CU traits in children and adolescents are limited. Male adolescents with higher CU and CU-related traits showed altered amygdala subregional rsFC with voxel clusters including parietal, frontal, temporal, 7 and cerebellar areas (Aghajani et al., 2016 (Aghajani et al., , 2017 . Disruptive children and adolescents showed CU subdimension-specific seed-based rsFC including clusters in central gyrus and precuneus (Werhahn et al., 2018) . Other studies reported CU-related rsFC alterations in the DMN (Cohn et al., 2015; Pu et al., 2017; Thijssen and Kiehl, 2017) along with further frontal, temporal, parietal, and cerebellar areas (Espinoza et al., 2018) . Only one study in adults addressed anxiety symptoms and reported an interaction effect with psychopathy levels (Motzkin et al., 2011) , despite their prominent behavioral and psychophysiological effects (Fanti, Demetriou and Kimonis, 2013; Guelker et al., 2014; Dadds et al., 2017) . In sum, knowledge on rsFC correlates of CU traits is limited, and the influence of comorbid anxiety unknown.
The current study was designed to substantially extend prior work by investigating unrestricted graph-theoretical-based whole-brain voxel-to-voxel rsFC in a large sample of male and female children and adolescents with 118 aggressive cases and 89 healthy controls.
We examined the rsFC underpinnings of the RA and PA dimensions as well as of CU traits, and took co-occurring ADHD and anxiety symptoms into account. We calculated the Intrinsic Connectivity Contrast (ICC) to measure changes in network centrality (Martuzzi et al., 2011) and the Integrated Local Correlation (ILC) to examine changes in local coherence (Deshpande et al., 2009) . We hypothesized to find 1) group differences in rsFC in frontal regions, 2) RA and PA-related rsFC alterations in the precuneus, 3) rsFC alterations for CU traits beyond (para-)limbic regions (Werhahn et al., 2018) , and 4) these alterations to be partly modulated by ADHD and anxiety symptoms.
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MATERIALS AND METHODS
Participants
For the present study, 118 children and adolescents (n males = 99) aged 8-18 years (mean age = 13.23, SD = 2.68) with a diagnosis of ODD and/or CD and/or clinically relevant aggression scores along with 89 healthy controls were included. Cases were recruited from resident hospitals, ambulatories, and eligible schools at nine sites in Europe in the framework of the joint EU-MATRICS and EU-Aggressotype projects. Clinically relevant aggression was defined as aggression scores in the clinical range (T > 70) according to the Child Behavior Checklist (CBCL), Youth Self Report (YSR), or Teacher Report Form (TRF) (Achenbach, 1991) .
Exclusion criteria for cases were a primary DSM-diagnosis of depression, anxiety, psychosis, or bipolar disorder for cases and for the typically developed comparison group a DSMdiagnosis and a clinically relevant aggression score in the CBCL, TRF, or YSR. Furthermore, participants were excluded in case of contraindications for MRI scanning (i.e., braces, metal implants), insufficient language skills, or an IQ < 80 (Wechsler, 2003) . Parents or legal representatives of all participants gave written informed consent. The participating sites obtained ethical approval separately from their local ethics committees. Further information on the study sample is provided in the Supplement.
Clinical Assessments
To be included, cases had to exhibit a DSM-diagnosis of CD and/or ODD according to the semi-structured interview Kiddie-Schedule for Affective Disorders and Schizophrenia, present and lifetime version (K-SADS-PL) (Kaufman et al., 1997) or a clinically relevant score (T > 70) on the aggression or rule-breaking behavior subscale of the CBCL, YSR, or TRF (Achenbach, 1991) . The assessment of these clinical questionnaires and the K-SADS-PL in the typically developed comparison group ensured the absence of a DSM-diagnosis or clinically relevant aggression scores. Anxiety symptoms were measured using the YSR, as internalizing problems including anxiety were shown to exhibit higher validity (Leung et al., 2006) and reliability (Gomez, Vance and Gomez, 2014) compared to the CBCL and TRF. The Reactive-Proactive Questionnaire (RPQ) is a self-report on the frequency of RA and PA symptoms (Raine et al., 2006) . As previously reported (Cima et al., 2013) , RA and PA symptoms within cases were correlated strongly in the current study (r = 0.63, p < 0.001). CU traits were assessed by the Inventory of Callous-Unemotional traits (ICU) (Essau, Sasagawa and Frick, 2006) . Here, we used the parent-reported version of the ICU, as it seems to indicate better CU traits-related variables compared to the self-report (Docherty et al., 2017) . To assess comorbid ADHD symptoms, parents answered the SNAP-IV (Swanson, 1992) . The inattention and hyperactivity/impulsivity subdomains were used in the present study. Four subscales of the Wechsler Intelligence Scale for Children (Block Design, Similarities, Vocabulary, Picture Completion) (Wechsler, 2003) enabled the estimation of an IQ in order to ensure sufficient intellectual and cognitive functioning for inclusion (IQ ≥ 80). Further tests conducted as part of a larger study protocol are described in the Supporting Information.
Image Acquisition
MRI scanning took place at nine sites across Europe, with six sites using Siemens 3T scanners, two sites Philips 3T scanners, and one site a GE 3T scanner. Besides a T1-weighted structural scan (see Supplementary Table 1 ), a T2*-weighted whole-brain echo planar imaging (EPI) resting state sequence (TR 2.45s or less, at least 32 slices) with an average acquisition time of 8 min 25 sec was performed (see Supplementary Table 2 ). Participants were instructed to lie still, look at a white crosshair presented against a black background, and not to think about anything in particular. More information is provided in the Supporting Information. 
Preprocessing
Functional Connectivity Analyses
After case-control group comparisons, we calculated changes in rsFC related to RA and PA symptoms along with CU traits within cases. Intrinsic Connectivity Contrast (ICC) was used to determine the magnitude of degree or network centrality by calculating the global strength of connectivity for each voxel with other voxels in the rest of the brain [Martuzzi et al., 2011] .
ICC has been frequently applied in recent rsFC studies (Van Ombergen et al., 2017; Vatansever et al., 2017; Walpola et al., 2017; Browndyke et al., 2018; Cassady et al., 2018) . It has the advantage of circumventing the need for a priori definitions of regions of interest (Martuzzi 
RESULTS
Sample Characteristics
As presented in Table 1, Within cases, only the positive correlation between RA (r = 0.32, p = 0.004) and anxiety symptoms and between CU traits and ADHD inattention subscale (r = 0.32, p = 0.001) yielded significance. Further associations are reported in the Supplemental Results. 
Group Differences in Functional Connectivity
Only after the exclusion of ADHD symptoms as additional covariate, cases showed increased ILC in a cluster including bilateral frontal pole extending to the medial frontal cortex compared to controls (T(142) = 6.12, p-FDR < 0.05). Moreover, cases demonstrated reduced ICC in a cluster including the right occipital pole (T(142) = -5.19, p-FDR < 0.05). These group differences survived the control for additional covariates including age and sex.
Functional Connectivity Correlates of Reactive and Proactive Aggression
Both higher levels of RA and PA related to altered ICC in the left superior parietal lobe and lateral occipital cortex. With higher levels of RA, ICC decreased in these areas in the left hemisphere, while with higher levels of PA, ICC increased in these regions in the right hemisphere. The RA-related patterns extended to the left central gyrus and the PA-related pattern to the precuneus (Fig. 1A , see Supplementary Table 4 ). Moreover, cases demonstrated decreased ILC with increasing levels of both RA and PA symptoms in comparable left hemispheric voxel clusters including superior parts of the parietal lobe and lateral occipital cortex along with the supramarginal gyrus, extending to angular gyrus. Only the PA symptoms-related patterns extended to left central gyrus ( Fig. 1B , see Supplementary Table 5 ).
Functional Connectivity Correlates of Callous-Unemotional Traits
With higher levels of CU traits, ICC increased in a left hemispheric cluster including the ITG and the cerebellum. In contrast, ICC decreased in left hemispheric clusters that extended from the ITG and MTG and inferior lateral occipital cortex to frontal and central opercular areas including the insula lobe (Fig. 1C , see Supplementary Table 4 ).
DISCUSSION
The present study advanced previous work by conducting unrestricted whole-brain rsFC analyses in a large sample of children and adolescents. Comorbid anxiety and ADHD symptoms were taken into account. First, only when we did not control for ADHD symptoms, anxiety to treat RA symptoms (Blair, Leibenluft and Pine, 2014) . CU traits seem typically associated with reduced anxiety (Frick et al., 2013; Eisenbarth et al., 2016) . Cases with CU traits and co-occurring high levels of anxiety might represent a distinct phenotype with different clinical outcomes (Fanti, Demetriou and Kimonis, 2013) and neural correlates (Sethi et al., 2018) . To conclude, our results emphasize to differentiate between aggression subtypes and consider comorbid anxiety and ADHD symptoms.
In line with previous efforts, cases exhibited rsFC alterations in the frontal pole compared to controls. Importantly, we only found this cluster that extended to the medial frontal cortex Marsh et al., 2008; Peraza et al., 2015) . In sum, our results suggest overlapping rsFC alterations related to both RA and PA symptomatology in brain regions involved in attention, decisionmaking, emotions, and CU-related traits.
As expected and in line with behavioral studies (Marsee and Frick, 2007; Fite et al., 2008 Fite et al., , 2010 Marsee et al., 2011) and previous work, we found distinct rsFC patterns associated with RA and PA symptoms. The precuneus and central gyrus have been associated with different forms of aggressive behavior and cognitive control-related processes known to be impaired in disruptive behavior (Blair, Veroude and Buitelaar, 2016) . Interestingly, SN seed-based rsFC with clusters including these regions related to CU subdimensions (Werhahn et al., 2018) . CU traits related to voxel-wise rsFC alterations in left hemispheric ITG, MTG, and opercular regions along with the cerebellum linked to emotion, reward, and moral-related processes. Previous rs-fMRI studies in male adolescents reported CU-related rsFC alterations in MTG and ITG (Aghajani et al., 2016; Thijssen and Kiehl, 2017) , and CD-related diminished right MTG activity (Wu et al., 2017) . MTG activity has been reduced also in CD (Cao et al., 2018) and during a risk-taking task (Dalwani et al., 2014) . The MTG exhibited the highest discriminate power within the DMN to distinguish individuals with antisocial personality disorder from controls and the cerebellum enabled the best differentiation overall (Tang, Jiang, et al., 2013) . For the MTG, other rs-fMRI studies reported increased functional activity in adults with antisocial personality disorder (Tang, Liu, et al., 2013) 
Study Strengths and Limitations
Strengths of our multi-center study include the large sample, recruitment of both males and females, children and adolescents, and not restricting inclusion to CD given that CU traits are present in only a minority of children with CD (Frick, 2016) . Moreover, we focused on RA and PA symptoms and CU traits, applied unrestricted whole-brain analysis of rsFC, and controlled for ADHD and anxiety symptoms. Therefore, our results might enable conclusions on aggression subtypes of aggressive youths representing clinical practice. Among study limitations is the reduced data homogeneity due to data collection at different sites, which may have limited our study power. Yet, the large sample size and the multi-center design increased reliability and generalizability of our results. Further, we added site as dummycoded covariate, as the distribution of cases and controls across sites was not balanced.
Moreover, while 38 cases without a diagnosis exhibited lower PA scores, subsequent sensitivity analysis yielded comparable aggression subtype-specific associations.
The current study clarifies that distinct though overlapping brain connectivity measures can disentangle RA and PA aggression subtypes and behavioral modifiers, and that considering comorbid symptoms is crucial. The observed effects of controlling for both ADHD and anxiety on the rsFC in aggressive children and youths are even more extensive than previously thought. The partly overlapping associations for RA compared to PA symptoms and the distinct CU traits-related connectivities corroborate behavioral and neural findings.
Affected brain areas have been previously implicated in processes including emotion and moral-related behaviors. Diagnostic and treatment approaches, however, largely disregarded particularly RA and PA forms of aggressive behavior. Investigating task-based alterations for these aggression subtypes could further widen the knowledge of underlying neural correlates and encourage the transfer of aggression subtype-specific procedures to the clinical practice. Servier. He is not an employee of these companies, and not a stock shareholder of any of these companies, and has no other financial or material support, including expert testimony, patents, and royalties. The present work is unrelated to the above grants and relationships.
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